We have investigated the superconducting properties of Pb nanoparticles with a diameter ranging from 8 to 20 nm, synthesized by Pb + ion implantation in a crystalline Al matrix. A detailed structural characterization of the nanocomposites reveals the highly epitaxial relation between the Al crystalline matrix and the Pb nanoparticles. The Al/Pb nanocomposites display a single superconducting transition, with the critical temperature T c increasing with the Pb content. The dependence of T c on the Pb/Al volume ratio was compared with theoretical models of the superconducting proximity effect based on the bulk properties of Al and Pb. A very good correspondence with the strong-coupling proximity effect model was found, with an electron-phonon coupling constant in the Pb nanoparticles slightly reduced compared to bulk Pb. Our result differs from other studies on Pb nanoparticle based proximity systems where weak-coupling models were found to better describe the T c dependence. We infer that the high interface quality resulting from the ion implantation synthesis method is a determining factor for the superconducting properties. Critical field and critical current measurements support the high quality of the nanocomposite superconducting films.
Introduction
Superconductivity can be induced in a normal metal at its interface with a superconductor. This is the essence of the superconducting proximity effect (PE) which has generated considerable interest from both a fundamental and practical point of view [1] [2] [3] [4] [5] [6] [7] [8] . Microscopically, the PE originates from Andreev reflection converting incoming normal electrons into transmitted Cooper pairs and reflected holes in a coherent quantum process. The characteristic length scale of the PE is the superconducting coherence length ξ S in the superconductor and the coherence length of normal electrons ξ N = (hν F l/6π k B T) 1/2 in the metal, with l the mean free path, ν F the Fermi velocity and T the temperature. In the Cooper limit, when the superconducting and normal layer thicknesses are smaller than the respective coherence lengths (d S,N < ξ S,N ), the electrons experience a pairing interaction which is a 'weighted average' of that of the two materials and T c only depends on the thickness ratio d S /d N . The theory of the PE in bilayer systems in the Cooper limit is well described and was first developed by de Gennes and Werthamer for weak-coupling superconductors [1, 2] characterized by an electron-phonon coupling constant λ with a small value (λ < 1), and later extended by Silvert to the case of strong-coupling superconductors [3] with λ > 1. Further refinement of the theory also allowed the finite interface transparency of multilayer systems to be accounted for [4, 5] . Since the first discovery of the PE half a century ago, a large number of studies have reported on the superconducting properties of different superconductor/normal metal bilayers confirming the predictions of the theoretical models [6, 7] .
In two recent studies, Sternfeld et al [9] and Bose et al [10] have shown that the PE can also induce superconductivity in layers of randomly distributed normal metal (Cu, Ag) and superconducting (Pb) nanoparticles with a grain size smaller than the corresponding coherence lengths ξ S,N . They found that the values of T c are in good agreement with the predictions of the PE models for thin films, provided that the film thickness ratio d S /d N is replaced by the volume ratio P S /P N of the two components. Secondly, and more surprisingly, they found that the values of T c are in good agreement with the theoretical predictions for weak-coupling superconductors, suggesting that Pb behaves as a weak-coupling superconductor in Pb/Ag and Pb/Cu nanocomposites. This is a surprising finding considering that bulk Pb is a strong-coupling superconductor and bilayers with Pb as the superconductor are well described with the strong-coupling PE models.
There are a few other reports on the superconducting behavior of nanoparticles embedded in a continuous metallic matrix [11] [12] [13] where both phases are superconducting. In [11] , the authors discuss the influence of the matrix phase on the superconducting properties of the dispersions and suggest a possible influence of the PE on the reduced T c . Different biphasic alloy superconducting particles embedded in Al matrices, synthesized by rapid solidification processing, have also been investigated [12, 13] . However, no systematic quantitative study of the PE has been reported in these cases. In addition, other superconducting properties in such systems, such as critical current density and the critical fields, have not been studied in detail.
In this paper, we study the PE in Al/Pb nanocomposite systems synthesized by ion implantation. In this method, insoluble elements are implanted in a crystalline matrix and subsequently annealed, resulting in the segregation of the implanted species and the formation of small size inclusions in that matrix [14] [15] [16] . The case of Al/Pb is of particular interest since Pb nanoparticles synthesized by ion implantation in an Al crystalline matrix form high quality epitaxial interfaces [17] . Such an implanted system is expected to be a very suitable candidate for investigating PE induced superconductivity of Pb nanodispersions in an Al matrix: (i) the epitaxial particle/matrix interface together with the nearly identical Fermi velocities in Al and Pb should lead to a high transparency interface between the superconducting Pb nanoparticles and the crystalline Al matrix; (ii) the average size of the embedded Pb particles can be controlled by varying different synthesis parameters such as implantation temperature and annealing duration [15] ; and (iii) the volume ratio between Pb and Al can be precisely tuned by varying the implantation fluence.
Although ion implantation is a well established technique that has been extensively used to study the effect of doping in various superconducting materials [18] , ion beam synthesized superconducting nanoparticles have hardly been studied [19] and no study has been reported so far on the PE effect in nanocomposites synthesized by ion implantation. Here we show that this method allows us to fabricate high quality epitaxial nanocomposites and present a detailed characterization of their superconducting properties.
Experimental details
Al films were grown epitaxially on 7 × 7 reconstructed Si(111) [20] . In our work, Si(111) wafers with resistivity [8] [9] [10] [11] [12] m were used as a substrate. The Si wafers were first cleaned ex situ in a 2% HF solution and subsequently in situ using a two-step silicon-flux method (silicon beam clean) [21] . This procedure results in a Si(111) surface which is free of contaminants and which exhibits the Si(111)-7 × 7 reconstruction, as confirmed by in situ reflection high energy electron diffraction and scanning tunneling microscopy. A 120 nm thick Al layer was then evaporated at room temperature in a molecular beam epitaxy set-up with a base pressure of 5 × 10 −11 Torr. The deposition rate (∼0.2Å s −1 ) was monitored in situ with a quartz crystal microbalance which was calibrated using x-ray reflectivity. After deposition, the sample was annealed in situ at 350 • C for 2 h in order to improve the crystalline quality of the Al film.
Ion implantation was performed at different temperatures using Pb + ions at 80 keV with implantation fluences ranging from 1.0 × 10 16 to 3.2 × 10 16 ions cm −2 . In order to reduce lattice damage during implantation, a channeling incident geometry was used. The ion current density was maintained at less than 2 µA cm −2 to avoid sample heating. Immediately after implantation, the samples were annealed at 450 • C for 1 h in a vacuum.
Rutherford backscattering and channeling spectroscopy (RBS/C) was used to determine the composition and thickness of the films [22] , as well as to quantify their crystalline quality by measuring the minimum yield χ min , defined as the ratio of the backscattered yield for aligned beam incidence to that for random incidence. χ min is typically calculated just below the surface peak. In this work, RBS spectra were collected with a collimated 1.57 MeV He + beam at backscattering angles of 168 • and 105 • . The sample was mounted on a high precision (±0.01 • ) three-axis goniometer in a vacuum chamber, so that the orientation of the sample relative to the He + beam could be precisely controlled.
X-ray diffraction (XRD) was performed on a Bruker D8 diffractometer using Cu Kα radiation with a wavelength of 0.1542 nm. The average diameter of the embedded Pb nanoparticles can be deduced from the XRD linewidth using the Scherrer equation. In addition, to obtain the size distribution of the embedded Pb particles, transmission electron microscopy (TEM) measurements were performed on a JEOL 4000 transmission electron microscope operated at an accelerating voltage of 400 kV.
Superconducting properties were measured by electrical transport measurements performed in a 3 He cryostat covering a temperature range of 0.3 K < T < 10 K. For the critical current measurements, pulses with 50 ms duration and an amplitude up to 50 mA were used with a repetition period of 10 s, in order to minimize heating at the lowest temperature stage (250 mK). Zoom of the RBS spectrum of PbAl3.0b: random (black line) in the vicinity of the Al peak together with channeled RBS spectra of sample PbAl3.0b just after implantation (green) and after annealing at 450
• C (red) and virgin Al layer (blue). The arrow indicates the energy for the minimum yield calculation. Table 1 . List of samples with their implantation temperature (T impl ), atomic ratio (obtained from RBS), volume ratio (P S /P N ), average diameter (D) of Pb nanoparticles (extracted from XRD) and superconducting critical temperature T c .
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Structural characterization
RBS/C was used to quantify the Pb content and the crystalline quality of the sample. Figure 1 (a) shows the RBS random spectra of three samples implanted with different fluences between 1.0 × 10 16 and 3.2 × 10 16 ions cm −2 . The detector geometry is shown in the inset. The implanted Pb content is determined from the area of the Pb peak, and subsequently converted into a Pb:Al atomic ratio (see table 1 ). The volume ratio of the Pb particles and Al matrix (P S /P N ) was calculated by assuming the density within the Pb nanoparticles to be that of bulk Pb. This is reasonable since the solubility of Pb in Al is extremely low (0.19 at.% at 601 K [23] ) and most of the Pb atoms are expected to be aggregated into Pb particles during annealing. Also, the commensurate condition 4a Pb ≈ 5a Al , with a Pb and a Al the lattice parameters of Pb and Al, is fulfilled in this system within 2%.
The crystalline quality of the Al layer before and after implantation was characterized by RBS channeling as shown in figure 1(b) for sample PbAl3.0b. The inset shows the geometry used in the backscattering measurements. The low value of χ Al min = 8% (see definition in section 2) indicates a high crystalline quality of the virgin Al layer. After implantation, the channeled spectra indicate lattice damage (χ Al min = 52%), which can be partially recovered by post-annealing (χ Al min = 44%). XRD was used to characterize the crystalline structure of the Al/Pb nanocomposites after annealing. Figure 2(a) shows the XRD θ -2θ scans of two samples implanted with different fluences (PbAl3.0b and PbAl7.0, see table 1) and virgin Al. The two sharp peaks located at 25.6 • and 27.3 • are due to the contributions of the residual Cu Kβ and Ni Kα radiation for the Si(111) reflection, respectively. For all samples, the only Pb peak that can be detected is the Pb(111) diffraction peak at 2θ ≈ 31.6 • , confirming that the Pb particles are highly oriented with respect to the host matrix. Azimuthal scans of diffraction planes not parallel with the sample surface (i.e. tilted by an angle α from the sample surface) allow us to determine the lattice structure of the Pb particles and also to reveal their in-plane crystallographic orientation with respect to the Al matrix. (200), demonstrating an epitaxial relationship between the Pb particles and the Al matrix, i.e. Pb(111) 112 Al(111) 112 . Our observation is consistent with previous investigations of ion beam synthesized Pb inclusions in epitaxial Al layers with particle/matrix interfaces of high quality [17] .
The average size of the particles (diameter perpendicular to the substrate) is related to the full width at half maximum B of a Bragg peak in a θ -2θ measurement through the Scherrer formula [24] D = Kλ X /B cos θ , where λ X is the x-ray wavelength, θ is the Bragg angle and K is a constant of the order of unity whose exact value depends on the specific shape and crystallographic direction of the diffracting planes. Calculated K values for the (111) direction in many different shapes and structures are within a few per cent close to 0.9 [24] , so we have consistently adopted this value for the Pb(111) reflection. The average diameter of the Pb nanoparticles can then be deduced from the XRD patterns in figure 2(a) , and is collected in table 1.
Complementary transmission electron microscopy experiments can give a direct picture of the shape and size distribution of the Pb nanoparticles. The TEM image of sample PbAl5.0 clearly shows a high concentration of small Pb precipitates (see figure 3(a) ). Spherical nanoparticles homogeneously embedded in a crystalline Al matrix are observed. The size distribution extracted from the TEM data is plotted in figure 3(b) . The diameter of the Pb nanoprecipitates is distributed between 2 and 25 nm with the center of the size distribution at 19 nm (using an average over the volume of the particles), in good agreement with the results extracted from XRD. The typical penetration depth of Pb + ions with a kinetic energy of 80 keV varies typically between 10 and 60 nm (thus mainly on the top part of the film). The ion penetration depth calculated using a SRIM simulation program is in good agreement with the TEM images. Note that it is not significantly altered by the annealing. While ion implantation also created a rather large number of smaller nanoparticles (see frequency count on the left axis of the histogram in figure 3(b) ), they represent only a very small volume fraction of about 2% of the total volume of implanted Pb (right axis of the histogram), so that their influence on the superconducting properties can be neglected. Figure 4 shows the temperature-dependent resistance of the different samples. For each sample we find a single superconducting transition, with the critical temperature T c (defined as the midpoint of the transition) increasing monotonically from 1.48 to 1.96 K as the Pb/Al volume ratio (P S /P N ) grows from 3% to 7%. In particular, no transition is observed at T = 1.2 K or 7.2 K corresponding to the bulk T c of Al and Pb, respectively. In order to confirm that the enhancement of T c cannot be attributed to implantation induced lattice damage, Bi (with a similar mass as Pb but non-superconducting in the bulk) was implanted into virgin Al layers with a fluence ranging from 0.5 × 10 16 to 2.0 × 10 16 ions cm −2 , which should create lattice damage similar to the case of Pb implantation. No enhancement of T c was observed in these implanted samples. The T c dependence on the Pb/Al volume ratio will be discussed below. The critical field and critical current density of a superconductor are very sensitive to the nature and the density of the defects, and are thus very important for analyzing the effect of the implantation on the quality of the superconducting films. The perpendicular (H ⊥ c2 ) and parallel (H c2 ) critical fields were determined by sweeping the magnetic field H at different fixed temperatures T and recording the value of the magnetic field at which the resistance dropped to half of its normal state value. As can be seen in figure 5(a) , H ⊥ c2 of three representative samples with different Pb/Al volume ratios (PbAl7.0, PbAl3.0b and virgin Al) depends linearly on temperature in a broad temperature interval down to T = 250 mK. This corresponds to the behavior of dirty type II superconductors (with mean free path l ξ 0 ): H ⊥ c2 (T) = 0 /2π ξ(T) 2 with ξ(T) = ξ(0)/ √ 1 − T/T c where 0 is the superconducting flux quantum and T c the zero field critical temperature [25] . Using a linear extrapolation, the critical field H ⊥ c2 and coherence length ξ(0) are extracted for each sample (see table 2 ). For all samples, ξ(0) ≥ 200 nm is more than an order of magnitude larger than the Pb particle size and much larger than the mean distance between the nanoparticles, confirming the validity of the Cooper limit in our samples. As can be seen in figure 5(a) , the critical field increases with increasing Pb content while the coherence length is reduced. This effect is attributed to the reduction of the mean free path caused by the creation of defects during the implantation (confirmed by RBS/C and by the systematic increase of the normal state resistivity after implantation).
Superconducting properties
The temperature dependence of the parallel critical field of a layered superconductor bears a distinct signature of its dimensionality. As can be seen in figure 5(b) , H c2 (T) exhibits a square-root temperature dependence characteristic of a two-dimensional superconductor (with layer thickness t < ξ ). The dependence of H c2 (T) is in very good agreement with the general relation
for a type II superconductor [25] and consistent with the value of ξ(0) extracted previously and the layer thickness t = 120 nm. We can thus conclude that the implanted Al/Pb nanocomposite behaves as a twodimensional superconducting system. Finally, we determine the critical current density. For this strips with a width of 20 µm are defined by chemical etching (shown in the inset of figure 6(a) ). Given the fact that the coherence length is larger than the film thickness, the current density is homogeneous over the whole thickness of the film. The critical current density can thus be deduced from the ratio of the strip's critical current to the strip's cross-sectional area. Transport measurements on those strips show that the critical temperature and the critical field are the same as for planar films, indicating that the chemical etching did not significantly alter the superconducting properties of the films. Figure 6(a) shows the dependence of the critical current density of three samples with different Pb/Al volume fractions (PbAl7.0, PbAl3.0b and virgin Al) as a function of the reduced magnetic field H/H c2 . In thin type II superconducting films, the critical current is often determined by vortex pinning, the strength of which is determined by the type and concentration of defects. Usually, the presence of defects increases the number of pinning centers and/or the pinning force and thereby increases the critical current density. Interestingly, we find that the critical current density of the samples after implantation is lower than in virgin Al. A similar effect has been previously reported in superconducting films with artificial defects created by ion implantation [26] . In a superconducting film, a vortex pinning landscape can be induced by very small variations of the material properties over a length scale comparable to the coherence length. For example, local variations of the density of electronic scattering centers can cause small variations of the mean path. As the ion implantation process creates damage in the crystal lattice, the number of scattering centers increases (this is visible via the increase in the resistivity due to a reduction of the mean free path). This leads to relatively smaller statistical fluctuations of the density of scattering centers and variations of the mean path, effectively smoothing the initial potential landscape and thereby reducing the pinning force and the critical current density. This effect has been analyzed in detail in previous studies in superconducting films with artificial defects created by ion implantation [26] and the temperature and magnetic field dependence of the critical current density was compared successfully with theoretical models [27] . We believe that a very similar effect is occurring in our films.
Whereas at zero field J c decreases monotonically as a function of the Pb/Al volume ratio, for higher fields J c of sample PbAl7.0 is higher than for sample PbAl3.0b. The origin of this second effect is not clear yet. Note, however, that J c of all ion implanted samples remains significantly lower than that of the virgin Al sample, implying that ion implantation reduces the vortex pinning in the whole range of implantation fluences investigated.
We now return to the dependence of T c on the Pb/Al volume ratio. In order to understand the origin of the T c variation with the amount of implanted Pb, we compare it with the predictions of PE models for bilayers in the Cooper limit but replacing the layer thickness ratio d S /d N by the volume ratio P S /P N of the nanoparticles. A similar approach was used by Sternfeld et al [9] . In our samples, the normal electron coherence lengths in Pb (ξ S ) and Al (ξ N ) can be estimated in the dirty limit by ξ N = (hν F l/6π k B T) 1/2 , where l is the mean free path and ν F is the Fermi velocity. Even at 2 K, the coherence lengths ξ S,N are larger than 70 nm, assuming mean free paths l Pb ≈ l Al ≈ l ≈ 10 nm in Al and Pb (l ≥ 10 nm is maintained in all implanted samples as was deduced from the residual resistivity at 4.2 K). According to the PE models for bilayer systems, in the Cooper limit the value of T c in the weak-coupling limit (λ < 1) is given by [1] :
and in the strong-coupling limit (λ > 1) by [3, 28] :
where N is the electron density of states at the Fermi level, V is the pairing interaction and µ is the effective electron-electron Coulomb repulsion term; · · · denotes the weighted average of a physical quantity using the weighting factors β S = N S P S /(N N P N + N S P S ) and β N = N N P N /(N N P N + N S P S ) based on the volume fraction of the two materials P S and P N . The effective averaged Debye frequency θ av and phonon frequency ω av (in K) are given by ln θ av = NV ln θ / NV and ln ω av = λ ln ω / λ . Theoretical curves for the dependence of T c on the Pb/Al volume ratio in the strong-and weak-coupling limits were calculated using the following parameters taken from the literature [8, 28, 29] Figure 7 depicts our experimental data points together with the calculated curves for the weak-and strong-coupling limits. The dotted line is the value of T c according to the weak-coupling model calculated using equation (2) while the solid line is the calculated curve for the strong-coupling model using equation (3) . The electronic parameters mentioned above were kept constant. Our data are not in agreement with the weak-coupling model unless a value of (NV) Pb = 0.45 were to be used, corresponding to an unrealistically high value of T c = 13 K for bulk Pb. Our data are overestimated by the strong-coupling model with the bulk value of λ Pb . By using a slightly reduced value λ Pb = 1.2 (instead of 1.55), a very nice correspondence between the strong-coupling model and the experimental data can be found, suggesting that the value of λ Pb is slightly reduced in this nanocomposite. This strong-coupling calculation with reduced λ Pb is represented in figure 7 by the red dashed line.
Several factors should be realized regarding the apparent discrepancy with earlier reported results on Pb/Cu and Pb/Ag nanogranular proximity systems. (i) The geometry of the samples in [9, 10] consisted of co-sputtered nanogranular assemblies whereas the systems under study in this work are epitaxially embedded nanoparticles in a crystalline matrix.
(ii) The interface quality and interface transparency display an important difference. The interface transparency can be strongly reduced due to, for example, surface oxidation, interfacial roughness or crystal lattice mismatch [6] , Fermi velocity mismatch [7] , etc. In ion implanted nanocomposites such as ours, the quality of the Al/Pb interface is very high, as shown by high resolution TEM imaging in similar nanocomposites [15, 17] revealing atomically sharp epitaxial interfaces. In addition, the Fermi velocity mismatch as well as the difference in chemical potential between Al and Pb are very small. One can thus expect that the electronic transparency at the Al/Pb interface in our nanocomposite is quite high and significantly better than in two-phase sputter-deposited nanocrystalline Pb/Ag or Pb/Cu films such as in [9, 10] .
The reduced electron-phonon coupling parameter emerging from the fitting of our data might be surprising at first sight since λ is approximately proportional to the inverse of the average squared phonon frequency, which is expected to decrease for small particles. In isolated Pb nanoparticles, an enhanced λ Pb is therefore generally observed [30] . Since we are not dealing with isolated, but rather with embedded nanoparticles, a possible mechanism that could explain a reduction of λ Pb might be the coupling of the phonons at the Al/Pb interface. As the phonons in Al have a much higher frequency than in Pb, the effective phonon frequency in the Pb nanoparticles could be increased leading to the observed reduction of λ Pb . Although a phonon coupling effect at the Al/Pb interface is expected to be dependent on the nanoparticle size, for simplicity of the fitting procedure, and given the relatively small range of variation of the size of the nanoparticles, we have considered that the value of λ Pb was constant.
Regarding the superconducting behavior, we can summarize that the overall T c dependence in our nanocomposites can be very well described by the strong-coupling model and the results suggest a slight reduction of the electron-phonon coupling parameter of Pb. The high interface quality of the epitaxially embedded Pb nanoparticles in the Al matrix as obtained by ion beam synthesis plays a crucial role in the superconducting behavior of this nanocomposite proximity system when compared with other reported nanocomposite systems.
Conclusions
We have synthesized nanocomposites by Pb + ion implantation in an Al matrix, leading to the formation of Pb nanoparticles with a highly epitaxial relation with the crystalline Al matrix. Critical field and critical current measurements support the high quality of the nanocomposite superconducting films. We find that the variation of T c with Pb content is in good agreement with the strong-coupling PE model using a slightly reduced value of the electron-phonon coupling constant in the Pb nanoparticles compared to the bulk Pb value.
Our study demonstrates that ion implantation is a very efficient method for synthesizing high quality superconducting nanocomposites with very clean interfaces and is therefore of high interest for studying confinement effects in nanocomposites systems.
